We investigated pH taxis in Bacillus subtilis. This bacterium was found to perform 17 bidirectional taxis in response to external pH gradients, enabling it to preferentially 18 migrate to neutral environments. We next investigated the chemoreceptors involved in 19 sensing pH gradients. We found that four chemoreceptors are involved in sensing pH: 20
pH. Swapping these four residues between McpA and TlpB converted the former into a 26 base receptor and the latter into an acid receptor. Based on the results, we propose that 27 disruption of hydrogen bonding between the adjacent residues upon pH changes 28 induces signaling. Collectively, our results further our understanding of chemotaxis in B. 29 subtilis and provide a new model for pH sensing in bacteria. 30
INTRODUCTION
(1-3). As a brief background, B. subtilis employs ten chemoreceptors to sense these 45 compounds (4). The governing chemotaxis pathway functions differently than the better 46 understood chemotaxis pathway in Escherichia coli. The core signaling pathways 47 consists of a membrane-associated complex involving the chemoreceptors, CheA 48 histidine kinase, and CheW and CheV scaffold proteins (5) that preferentially form 49 clusters at the cell poles (6). The chemoreceptors sense attractants and repellents 50 either by binding them directly or through binding proteins associated with their uptake 51 (7). Attractants are known to increase the rate of CheA phosphorylation (8). The 52 phosphate group is then transferred to CheY, which in the phosphorylated form binds to 53 the cytoplasmic face of the flagellar motors and induces a motile response (9) . 54
To sense chemical gradients, B. subtilis employs three adaptation systems (10-12) . 55
The primary system involves receptor methylation. Two enzymes, the CheR 56 methyltransferase and the CheB methylesterase, add and remove methyl groups on 57 conserved glutamate residues located on the cytoplasmic domain of the 58 chemoreceptors (13, 14) . Depending on the specific glutamate residue, these 59 modifications can either increase or decrease the ability of the chemoreceptors to 60 activate the CheA kinase (5, 15) . In addition, two other adaptation systems are involved 61 in sensing gradients. One involves the scaffold protein CheV, which contains a C-62 terminal response regulator domain that is phosphorylated by CheA (16). Depending on 63 the methylation state of the chemoreceptors, phosphorylated CheV can either increase 64 or decrease chemoreceptor activity (5). The other system involves three proteins: chemoreceptors and increases their ability to activate CheA (5, 20) . CheC can also bind 68
CheD and prevent it from binding the chemoreceptors. Phosphorylated CheY increases 69 the affinity between CheC and CheD, thus providing a feedback mechanism for 70 controlling CheA activity in response to phosphorylated CheY (21, 22) . 71
Our understanding of B. subtilis chemotaxis is principally limited to amino-acid 72 chemotaxis. Aside from amino acids (7, 23), oxygen (24), and sugars transported by the 73 phosphoenolpyruvate-dependent phosphotransferase system (25), little is known about 74 the sensing mechanisms involved in B. subtilis chemotaxis. A number of reports have 75
shown that diverse bacteria migrate in response to pH gradients. This process is best 76 understood in Escherichia coli, Salmonella enterica and Helicobacter pylori (26-32). In 77 the case of E. coli and S. enterica, these bacteria preferentially migrate to neutral (pH 78 7.5) environments (33) . The response is bidirectional, as the bacteria will migrate down 79 pH gradients when the ambient pH is too high or migrate up pH gradients with the 80 ambient pH is too low. The underlying mechanism involves the competitive response 81 between two chemoreceptors, one that induces cells to migrate down pH gradients and 82 the other that induces them to migrate up pH gradients. These two chemoreceptors 83 respond to both internal and external pH. While the sensing mechanism is still not well 84 understood, external pH is believed to be sensed by the extracellular domain of the 85 chemoreceptors (27) and internal pH by the linker region between the transmembrane 86 helices and cytoplasmic domain of the chemoreceptors (30). Swapping the entire linker 6 region or specific amino-acid residues within this linker region inverts the response of 88 these two chemoreceptors to changes in internal pH (30). 89
In this work, we investigated chemotaxis to external pH gradients in B. subtilis. 90
Similar to E. coli and S. enterica, B. subtilis exhibits bidirectional chemotaxis to pH 91 gradients. To sense these pH gradients, B. subtilis employs four chemoreceptors, two 92 for sensing acids and two for sensing base. By analyzing chimeras between acid and 93 base-sensing chemoreceptors, we identified four critical amino-acid residues involved in 94 sensing external pH. Swapping these four residues changed a base-sensing 95 chemoreceptor into an acid-sensing one, and vice versa. Based on these data, we 96 Since these four chemoreceptors exhibit high (57-65%) amino-acid sequence identify, 137
we hypothesized that TlpA may also be involved even though a strain expressing it as 138 the sole chemoreceptor failed to exhibit a response to changes in pH. The reason may 139 be that TlpA is weakly expressed: the wild type expresses 2,000 copies of this 140 chemoreceptor as compared to 16,000 copies for McpA (35). Therefore, we tested 141 whether expressing TlpA from a stronger promoter would enable pH sensing. When tlpA 142 was expressed as the sole chemoreceptor using the mcpA promoter, we observed both 143 an acid and base response (Figure 2A , inset). The acid response, however, was stronger than the base response. These results imply that TlpA alone, when over 145 expressed, can direct B. subtilis to neutral environments. This begs the question as to 146 why multiple chemoreceptors are employed for pH taxis when potentially one would 147 suffice. Unfortunately, we cannot answer this question at this time. 148
We next tested the effect of deleting these four chemoreceptors, both individual and 149 in combination, on pH sensing (Figure 2B) . When mcpA was deleted in the wild type 150 (mcpA), we observed a reduction in acid sensing, consistent with this chemoreceptor 151 being involved in chemotaxis towards lower pH's. We also observed an increase in the 152 base response, perhaps reflecting the competition between the acid and base amino-acid residues are involved in pH. As a first step towards identifying these 169 residues, we constructed chimeras between McpA, involved in acid sensing, and TlpB, 170 involved in base sensing. We focused on these two chemoreceptors because they are 171 primary ones involved in pH taxis. One challenge with constructing these chimeras is 172 that they may not be functional. Indeed, many were not. Unfortunately, little was known 173 prior regarding any additional ligands for these chemoreceptors. As B. subtilis is known 174 to perform chemotaxis towards amino acids, we tested whether these chemoreceptors 175
were involved in sensing casamino acids. TlpB alone was able to support chemotaxis to 176 casamino acid; however, McpA alone did not. While we were not able to identify any 177 attractants for McpA, we did find that McpA governs the repellent response to indole. 178
We first constructed a series of chimeras where we fused the N-terminal region of 179
TlpB with the C-terminal region of McpA: tlpB 362 mcpA, tlpB 284 mcpA, tlpB 260 mcpA, 180 tlpB 238 mcpA and tlpB 180 mcpA (Figure 3) . We then tested the ability of strains 181 expressing these hybrids as their sole chemoreceptor to sense acid and base gradients 182 using the capillary assay. In addition, we employed casamino acids as a control. Strains 183 expressing tlpB 362 mcpA or tlpB 284 mcpA behaved the same as wild-type tlpB (Figure 4) . 184
These results indicate that pH is not sensed by the cytoplasmic domain of the 185 chemoreceptor or by the HAMP domain. The strain expressing tlpB 260 mcpA was able to 186 sense both increases and decreases in pH. As the base response was similar to the 187 strain expressing wild-type tlpB, these results would suggest that the region 260-284 188 from McpA is involved in acid sensing. The strain expressing tlpB 238 mcpA was able to 189 sense both increases and decreases in pH, albeit at reduced levels. However, the strains expressing tlpB 180 mcpA were unable to sense base gradients and only 191 responded to acid gradients, indicating that the region spanning the residues 180-284 is 192 directly involved in pH sensing. In addition, strains expressing tlpB 180 mcpA no longer 193 responded to casamino acids. Likely, this is due to disruption of the sensing domain. All 194 other N-terminal TlpB chimeras were able to sense casamino-acid gradients. 195
To further characterize the region spanning residues 180-284, we replaced this TlpB, the acid response was significantly reduced and the resulting strain exhibited a 250 base response, again at reduced levels. Collectively, these results imply that these four 251 amino-acid residues are sufficient to define the polarity of pH sensing for both McpA 252 and TlpB. Therefore, we did not examine Ile 218 -Lys 219 pair on TlpB or Glu 218 -Gln 219 on 253
McpA as these residues are located far away from the identified key residues (Figure 254 pK a values can be significantly different from the intrinsic pK a (pK a-int ) values measured 274 in blocked pentapeptides (37). For example, the pK a of a lysine residue can be as low 275
as 5.7 and the pK a of an aspartate residue can be as high as 9.2 in folded proteins (37). 276
In the case of TlpB, increase in pH can directly affect three ionizable residues: 277 Fig. 3 ). This structural transition is 288 then propagated through TM2 to the HAMP domain and subsequently to distal 289 cytoplasmic signaling, thus inducing the autophosphorylation of CheA histidine kinase 290 (Figure 6A) . 291
In the case of McpA, the ionizable residues are His 273 and Glu 274 . The other two key 292
residues Thr 199 and Gln 200 contain polar side-chains that are insensitive to pH changes. 293
As expected, the double mutant H273Q/E274D significantly reduced the response to 294 decrease in pH (Figure 5D ). Among the two residues, His 273 seems to play a pivotal 295 role as the point mutation E274Q did not affect the response to pH gradients (1,176.0  296 124.5 versus 910.4  77.0 cells for wild-type tlpB). On possible model is that at high pH 297 primary role appears to be acid sensing. Using receptor chimeras, we identified four 308 critical amino-acid residues involved in pH sensing. Swapping these residues between 309
McpA and TlpB was able to convert the former into a base sensor and the latter into an 310 acid sensor. Based on our results, we were able to propose a model for pH sensing in 311 B. subtilis. Collectively, these results further our understanding of pH taxis and provide a 312 model for pH sensing. 313
MATERIALS AND METHODS 315
Chemicals and growth media. The following media were used for cell growth: 316 tryptone broth (TB: 1% tryptone and 0.5% NaCl); tryptose blood agar base (TBAB: 1% 317 tryptone, 0.3% beef extract, 0.5% NaCl, and 1.5% agar); and capillary assay minimal Table S1 . 327
Gene deletions were constructed using plasmids derived from pJSpe. pJSpe was 328 derived from pJOE8999, which provides a CRISPR/Cas9-based, marker-free genome 329 editing system for B. subtilis (39). We found that the SfiI restriction sites on the original 330 pJOE8999 were inefficient for subcloning homology templates. In addition, a 13-bp long 331 DNA scar remained on the chromosome after the targeted DNA fragment was deleted 332 using pJOE8999-derived vectors. Therefore, we created pJSpe for more efficient 333 assembly of homology templates based on Gibson assembly and scar-less deletion of 334 DNA fragments. Briefly, a 50-bp annealed complementary DNA oligonucleotides 335 containing a SpeI restriction site and optimized for Gibson assembly was inserted 336 between the SfiI restriction sites on pJOE8999 to yield pJSpe. For construction of the knockout plasmids, a 20-bp sgRNA target sequence for the targeted gene was 338 designed using CRISPy-web online tool (40). Annealed complementary oligonucleotides 339 were then subcloned into BsaI restriction sites on pJSpe as described in (39). Two PCR 340 fragments (~600-800 bp) flanking the targeted gene using overlapping primers were 341 subcloned into SpeI-linearized vector using Gibson assembly (41) . The resultant vector 342 was then linearized using XhoI and ligated with T4 DNA ligase to create a long DNA 343 concatemer. The concatemer was then transformed into B. subtilis strain using the two-344 step Spizizen method (42). Single colonies were isolated and twice streaked on fresh 345 plates. Plasmid curing and genotype verification were performed as previously 346 described (39). 347
Strains expressing a single wild-type chemoreceptor were constructed by integrating 348 the respective chemoreceptor expression cassette into the amyE locus. The region 349 containing the promoter, gene, and terminator was PCR amplified from genomic DNA 350 isolated from B. subtilis 168. The PCR fragment was then cloned into the plasmid 351 pAIN750 using the EcoRI and BamHI restriction sites. The plasmid was then 352 transformed in OI3545, which lacks all ten chemoreceptors, as described above. 353
Chemoreceptor chimeras were constructed using Gibson assembly (41) . Briefly, two 354 opposing primers were designed to prime DNA synthesis outwards from the fusion point 355 of the chimeric gene using PCR with pAIN750mcpA as the DNA template. Then, a 356 second pair of primers with overlapping regions were designed to PCR-amplify the 357 desired fragment of tlpB gene from pAIN750tlpB plasmid. Following purification the PCR 358 products by gel extraction, the DNA fragments were assembled (41) . method with pAIN750mcpA and pAIN750tlpB as DNA templates. Briefly, plasmid was 361 PCR amplified using two opposing primers containing the desired mutations. Following 362 purification by gel extraction, the DNA fragment was phosphorylated with T4 363 polynucleotide kinase and then blunt-end ligated using T4 DNA ligase. Ligation product 364 was heat-inactivated and transformed into E. coli. The plasmid was then isolated from 365 E. coli and transformed into B. subtilis OI3545 as described above. 366 367 Capillary assay for chemotaxis. The capillary assay was performed as described 368 previously (1, 26). Briefly, cells were grown for 16 hours at 30 °C on TBAB plates. The 369 cells were then scraped from the plates and resuspended to A 600 = 0.03 in 5-mL CAMM 370 supplemented with 50 μg/mL histidine, methionine, tryptophan and 20 mM sorbitol, and 371 2% TB. The cultures were grown to A 600 = 0.4-0.45 at 37 °C and 250 rpm shaking. At 372 this point, 50 μl of GL solution (5% (v/v) glycerol, 0.5 M sodium lactate) was added to 373 culture and the cells were incubated for another 15 minutes (at 37 °C, 250 rpm 374 shaking). Cells were then washed twice with chemotaxis buffer (pH 7.0) and incubated 375 for additional 25 minutes (at 37 °C, 250 rpm shaking) to assure that the cells were 376 motile. Cells were diluted to A 600 = 0.001 in chemotaxis buffer at desired pH values for 377 pH taxis experiments and in chemotaxis buffer (pH 7.0) for casamino-acid control 378 experiments. For indole control experiments, cells were diluted to A 600 = 0.005 in 379 chemotaxis buffer containing indole (50 M, pH 7.0). Prior to assay, cells were briefly 380 incubated in chemotaxis buffer at room temperature (shaking slowly) and then aliquoted 381 into 0.3-mL ponds on a slide warmer at 37 °C and closed-end capillary tubes filled with chemotaxis buffer or casamino acid (3.16 x 10 -5 g/mL) solutions prepared with 383 chemotaxis buffer (pH 7.0) were inserted. After a fixed time (30 minutes for casamino 384 acids and 1 hour for pH and indole), cells that migrated into the capillaries were 385 harvested and transferred to 3 mL of top agar (1% tryptone, 0.8% NaCl, 0.8% agar, 0.5 386 mM EDTA) and plated onto TB (1.5% agar) plates. These plates were incubated at 37 387 °C for 16 hours and colonies were counted. Experiments were performed in triplicate 388 each day and then repeated on three different days. 
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